rare, and precious metals. Polymetallic sulfides deposited at seafloor hydrothermal vents have attracted attention as potential deep-sea mineral resources for metals such as Cu, Zn, Pb, In, Ga, Ge, Au, and Ag. In particular, recent progress in deep-sea exploration technology as well as elevated metal prices have led to a growing interest in the direct exploitation of seafloor hydrothermal sulfide deposits with a high content of valuable metals (Schrope, 2007) .
INTRODUCTION
Seafloor hydrothermal activities at mid-ocean ridges and oceanic island arcs are often accompanied by significant accumulations of sulfide minerals rich in base, perature-depth casts from a surface ship have long been the most efficient method for locating active hydrothermal vents and their accompanying sulfide deposits (e.g., Baker et al., 1995; Edmonds et al., 2003; Melchert et al., 2008; Kawagucci et al., 2008) . Visual observations of hydrothermal vent sites have also been made by using human-occupied vehicles (HOVs) and remotely operated vehicles (ROVs). However, there is a large gap in the scale of exploration between regional plume surveys (10 3 mscale) and shorter-range HOV/ROV observations (10 0 mscale) (Nakamura et al., 2013) . Recent progress in autonomous underwater vehicles (AUVs) has filled this gap to some extent by enabling high-resolution geochemical and geophysical surveys (Kumagai et al., 2010; Nakamura et al., 2013) to be performed. However, the exploration efficiency of AUV-based methods is inadequate for exhaustive exploration of seafloor hydrothermal vents over a broad area (>10 3 km 2 ). Thus, a more efficient method for exploration of seafloor hydrothermal vents is still required.
Although geophysical surveys conducted from a surface ship are effective for studying vast areas of the deep seafloor, detecting the geophysical signature of seafloor hydrothermal activity from a surface ship is difficult because of the small scale of hydrothermal features (typically on the order of 10 2 m) compared with the depth of the ocean (10 3 m-scale). In the last decade, however, it has been demonstrated that a water column survey conducted with a hull-mounted Multibeam Echo Sounder (MBES) system, which can image bubbles rising from gas seeps, can be used for mapping cold gas seepage (Schneider von Deimling et al., 2007; Nikolovska et al., 2008; Weber et al., 2012) . Besides the cold gas seepage, it has been suggested that the water column imaging can be used for detection of deep-sea hydrothermal vent activities (Hughes Clarke et al., 2009) . In the Okinawa Trough southwest of Japan, Tanahashi et al. (2011 Tanahashi et al. ( , 2014 have reported detecting acoustic water column anomalies in several locations, including above the previously known Jade and Hakurei hydrothermal vent sites of the Izena Hole. Very recently, Kasaya et al. (2015) reported the discovery of new hydrothermal vent sites in the Iheya North hydrothermal field, mid-Okinawa Trough, on the basis of acoustic water column anomalies detected with an MBES system. These studies clearly show that water column surveys conducted with an MBES system can be an efficient means of exploring hydrothermal vent sites.
With the aim of mapping hydrothermal vent sites in the entire area of the mid-Okinawa Trough, during 2013 and 2014 we conducted three research cruises in which we used MBES systems to perform water column surveys. Here, we present the results of this wide-region hydrothermal vent exploration conducted with shipboard MBES systems above the mid-Okinawa Trough.
SURVEY AREA AND METHODS
The Okinawa Trough is a 1200-km-long active backarc basin located between the Ryukyu island arc and the east coast of China (Fig. 1) . The latest phase of rifting started ca. 2 Ma, but the exact ages of earlier rifting phases are still uncertain (Sibuet et al., 1987 (Sibuet et al., , 1998 . At present, active back-arc spreading is occurring in the southwestern part of the trough, but there is no evidence of active spreading in its northeastern part (Sibuet et al., 1998) . Thus, the mid-Okinawa Trough region (the study area of the present contribution) represents a transitional zone between spreading and non-spreading parts of the trough (Halbach et al., 1993) . Previous geophysical and geological studies have suggested that the Okinawa Trough lacks oceanic lithosphere and is in the nascent stage of backarc basin formation (Ishibashi et al., 2015) .
High concentrations of 3 He in the seawater (Ishibashi et al., 1988) and a high heat flow , which have long been recognized in the mid-Okinawa Trough region, suggest that there are abundant active hydrothermal vent sites in the area. Indeed, since the first discovery of a hydrothermal vent site in the region in 1989 (Halbach et al., 1989; Sakai et al., 1990) , several hydrothermal vent sites have been discovered in the midOkinawa Trough region (e.g., Gamo et al., 1991; Chiba et al., 1993; Momma et al., 1996; Kawagucci et al., 2010; Ishibashi et al., 2015) .
To assess the number and location of active hydrothermal vent sites in the mid-Okinawa Trough, we conducted three research cruises: cruises NT13-22 and NT14-02 by the R/V Natsushima and cruise YK14-17 by the R/ V Yokosuka. We used MBES systems to perform acoustic water column surveys on all three cruises (Fig. 2) . Acoustic data were collected using two MBES systems (SeaBat 8160 (Teledyne Reson) on R/V Natsushima and EM122 (Kongsberg Maritime) on R/V Yokosuka). The SeaBat 8160 system is operated with 126 beams at 50 kHz, with an acoustic beam angle of 1.2∞ ¥ 1.5∞ and a 150∞ aperture. The EM122 system is operated with 288 beams at 12 kHz, with an acoustic beam angle of 2∞ ¥ 2∞ and a 150∞ aperture. The acoustic footprint of the beams was typically less than 35 m on the seafloor at a depth of 1000 m.
WATER COLUMN OBSERVATION BY MBES
Anomalies in the water column were detected as one to several streams of acoustic scatterers that rose vertically approximately 500-1000 m from the seafloor without significant change in the stream width (Fig. 3) . The lower part of the anomaly varied from being nearly vertical to tilting by a slight angle of up to ~10∞, whereas the upper part of the anomaly often tilted by a larger angle (up to ~45∞) and sometimes exhibited a more complicated structure (Fig. 3) . In addition, we often observed anomalies suspended in the water column. These rootless anomalies always moved vertically (upward or downward) with no or small horizontal migration (Fig. 4) . This behavior suggests that the streams wisp within the water column like smoke in the air. For the reason, the height of the detected acoustic anomalies is variable (Fig. 3) . However, it is noteworthy that, irrespective of the seafloor depths, the minimum depth of the acoustic scatterers often reached approximately 500 m but never observed at shallower than the depth. This indicates that acoustic water column anomalies are disappeared at the depth of ~500 m.
Because the SeaBat 8160 and EM122 systems operated at different frequencies (50 kHz and 12 kHz, respectively), we compared acoustic water column anomalies detected at the same hydrothermal field (Iheya North hydrothermal field) by the two multibeam systems to check the dependency of the water column imaging on the acoustic frequency (Fig. 5) . Both systems were able to visualize the acoustic water column anomalies at all of the hydrothermal vent sites (the Original, Aki, and Natsu sites). Irrespective of the different frequencies, the images of acoustic water column anomalies were quite similar (Fig.  5) . Moreover, the two MBES systems detected the acoustic water column anomalies in essentially the same positions. These results clearly suggest that both systems, although operating at different frequencies, could detect the acoustic water column anomalies related to seafloor hydrothermal vents. The relatively strong echoes are also observed at approximately 200 m, 500 m, and 1500 m in SeaBat 8160 water column profiles (Fig. 5 right) . These false echoes are considered to be the echoes from the previous ping, and/or signals and seafloor scatters originated from another sound source.
The along-track resolution of the MBES observations appears to be limited by the two-way travel time. At the water depths of the study, the MBES system can achieve along-track spacing of approximately 8-23 m at ship speeds of 5-15 knots. To check the effect of ship speed Water column imaging with MBES in the mid-Okinawa Trough 583 on the detection of the acoustic water column anomaly, we conducted a series of water column anomaly surveys with R/V Yokosuka at speeds of 3, 5, 7, and 10 knots in the Iheya North hydrothermal field. With the 12 kHz MBES system, we achieved successful imaging of water column anomalies at ship speeds of 3, 5, and 7 knots at every known vent site. Only at a speed of 10 knots, we unable to identify the water column anomalies at the Natsu Many streams 11-13 kHz MBES (Tanahashi et al., 2011 (Tanahashi et al., , 2014 high-T hydrothermal venting (Sakai et al., 1990) Hakurei EM122 (12 kHz) Several streams 11-13 kHz MBES (Tanahashi et al., 2011) high-T hydrothermal venting (Ishibashi et al., 2014) Izena Knoll EM122 (12 kHz)
Several small chunks not yet confirmed
Iheya North Original SeaBat8160 (50 kHz) and EM122 (12 kHz) Many strong streams high-T hydrothermal venting (Momma et al., 1996) Natsu SeaBat8160 (50 kHz) and EM122 (12 kHz) Several weak streams high-T hydrothermal venting (Kasaya et al., 2015) Aki SeaBat8160 (50 kHz) and EM122 (12 kHz) Many strong streams high-T hydrothermal venting (Kasaya et al., 2015) Sakai CLAM EM122 (12 kHz) Several very weak streams low-T shimmering (Gamo et al., Several streams 11-13 kHz MBES (Tanahashi et al., 2014) high-T hydrothermal venting (Ishibashi et al., 2014) AWA-2 EM122 (12 kHz) Several streams 11-13 kHz MBES (Tanahashi et al., 2014) high-T hydrothermal venting (Ishibashi et al., 2014) site (where relatively small and weak acoustic water column anomalies were detectable) from the tracks that were a little distance away from the exact location of the hydrothermal vent site. It should be noted, however, that the Original and Aki sites, where the acoustic water column anomalies were massive and strong, could be detected even at a speed of 10 knots. Because increasing ship speed results in decreasing along-track resolution of the MBES observations, this result indicates that the detectability of an acoustic water column anomaly at high speeds (e.g., higher than 10 knots) depends on the size of the anomaly. Besides, increasing ship speed causes increase of ship noise, resulting in the decrease of signal to noise ratio. This could also affect the detectability of an acoustic water column anomaly at high speeds. In either case, a speed lower than 10 knots is better for detecting acoustic water column anomalies, although massive and strong anomalies can be detected at higher speeds.
In the case of a topographic survey, the across-track coverage (swath width) of an MBES is generally larger than 3-5 times the water depth. In a water column survey, however, it is known that echoes in the water column beyond the first arrival are contaminated by seabed sidelobe echoes (Hughes Clarke, 2006) . Owing to the presence of the sidelobes, seabed echoes contaminate the water column data at any slant range beyond that of the distance of the closest approach to the seafloor, although the contamination level of the water column signature depends on the level of sidelobe suppression and the strength of the bottom backscatter from the seafloor. As a result, only targets within a hemisphere with a radius less than the minimum slant range to the seabed can be unambiguously detected (Fig. 5) , despite the fact that watercolumn target detection beyond the minimum slant range to the seafloor may still be achieved on seabeds with low backscatter strength. Consequently, it is the best for the range of the MBES water column observation to be less than the minimum slant range. Because the minimum slant range, in turn, corresponds to the minimum water depth in many cases, the intervals between survey lines should be set to the minimum water depth.
DISTRIBUTION OF WATER COLUMN ANOMALIES IN THE MID-OKINAWA TROUGH
During the MBES survey of the mid-Okinawa Trough, we detected 10 sites where there were acoustic water column anomalies (Fig. 6 and Table 1 ). In the areas where the MBES survey was conducted using the SeaBat 8160 (50 kHz) onboard the R/V Natsushima, we did not detect an acoustic water column anomaly in the most cases (Fig.  2) . The only exception was the Iheya North Knoll, where the MBES surveys were conducted by both the 50 kHz and 12 kHz MBES systems and was successfully detected 588 K. Nakamura et al. acoustic water column anomalies by both MBES surveys. Kasaya et al. (2015) report the details of the MBES survey at the Iheya North Knoll using the SeaBat 8160 (50 kHz) system. Therefore, we present here only the results of the 12 kHz MBES survey using the EM122 system onboard the R/V Yokosuka. Among the 10 water column anomaly sites, two sites at the Izena Hole (Fig. 6D ) corresponded to the previously reported Jade and Hakurei sites in the Izena hydrothermal field (Kawagucci et al., 2010) . At the Jade site, we detected several streams of acoustic water column anomalies (Fig. 7) . In contrast, we detected only a few clear anomalies at the Hakurei site (Fig. 7) . The results of this study correspond well with the results published by Tanahashi et al. (2014) . In addition to the two known hydrothermal vent sites, we noticed what may have been a small water column anomaly above the top of the Izena Knoll (Fig. 7) . Haraguchi and Kodama (2007) reported the detection of a temperature anomaly on top of the knoll, although they observed no other signs of hydrothermal activity. The fact that both a temperature anomaly and an acoustic water column anomaly have been detected may suggest the existence of previously unknown hydrothermal activity on top of the Izena Knoll.
At the Iheya North Knoll (Fig. 6A) , we identified three sites with acoustic water column anomalies (Fig. 8) that clearly correspond to known hydrothermal vent sites, namely, the Original, Natsu, and Aki sites (Kasaya et al., 2015) . At the Original site, we observed several streams of intense acoustic water column anomalies (Fig. 8) . We also observed similar intense anomalies at the Aki site (Fig. 8) . In contrast to these two hydrothermal vent sites, we observed relatively weak and narrow acoustic water column anomalies that were sparsely distributed at the Natsu site (Fig. 8) .
In the eastern part of the Iheya Small Ridge (Fig. 6B ), we detected acoustic water column anomalies at three sites (Fig. 9) . At the northernmost of these three sites, located in the western part of the Iheya Small Knoll, we observed several weak acoustic water column anomalies (Fig. 9) . This site corresponded to the location of a known hydrothermal vent of the CLAM site (Gamo et al., 1991) . The CLAM site is known to be a hydrothermal vent site with a relatively low temperature of no more than ~100∞C (Gamo et al., 1991) . This low temperature may be responsible for the fact that we detected only weak acoustic water column anomalies at that site. We also detected acoustic water column anomalies on the southern slope of the Iheya Small Knoll (Fig. 9) . Compared with the CLAM site, the acoustic water column anomalies detected on the southern slope were massive and intense (Fig. 9) . Haraguchi and Kodama (2007) mentioned the discovery of a new hydrothermal vent site on the southern slope of the Iheya Small Knoll, although the exact position of the vent site has not been published. We therefore considered the hydrothermal vent site that we detected with the (Bigalke et al., 2008) 
Fig. 11. (A) Pressure-temperature profiles of seawater (SW) around the study area plotted on the phase diagram for CO 2 in the ocean
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Water column imaging with MBES in the mid-Okinawa Trough 593 MBES survey to be the unnamed vent site reported by Haraguchi and Kodama (2007) , and we named this vent site the Hitoshi site. Moreover, at a location ~4 km south of the Iheya Small Knoll, we detected other acoustic anomalies within a relatively large area of at least 1 km ¥ 1 km (Fig. 9) . This site was characterized by many acoustic water column anomalies rising from a vast area of the seafloor. This acoustic water column anomaly site might correspond to the Noho site discovered by the Japan Oil, Gas and Metals National Corporation (JOGMEC) (Chiba et al., 2014 ; JOGMEC news release on 4 December 2014), although the exact position of the JOGMEC site has not been published yet. The CLAM, Hitoshi, and Noho (?) sites are located within an area of 6 km ¥ 4 km around the Iheya Small Knoll. We designated these three hydrothermal vent sites around the Iheya Small Knoll collectively as the Sakai hydrothermal vent field.
The other two acoustic water column anomaly sites were both detected at a seamount with two peaks located 15 km northwest of the Izena hydrothermal vent field (Fig. 6C) . One site was located at the top of a ridge, and the other site was located on the valley floor (Fig. 10) ; we named these sites AWA-1 and AWA-2, respectively. We regard these two closely situated hydrothermal vent sites as one hydrothermal field, which we named the AWA hydrothermal field. Tanahashi et al. (2014) reported detecting an acoustic water column anomaly ~15 km west of the Izena hydrothermal field. Even though the exact position of the site has not been published yet, the acoustic anomalies detected in the present study might correspond to the anomaly reported by Tanahashi et al. (2014) . Although these two acoustic anomaly sites detected during our study have not been confirmed to be hydrothermal vent sites by HOV/ROV visual observations, they are likely to be unidentified hydrothermal vent sites.
In summary, during the MBES surveys conducted throughout the entire region of the mid-Okinawa Trough, we detected 10 hydrothermal vent sites potentially belonging to four hydrothermal vent fields. It is interesting that the all the hydrothermal vent sites do not represent each of the isolated sites, but represent the distinct fields consisting of a few closely situated vent sites (Fig. 6 ). As pointed out by Nakamura et al. (2013) , it is difficult to detect discrete hydrothermal vent sites located in close proximity to one another by a conventional plume survey. However, structural and distributional characterization of seafloor hydrothermal vents (e.g., singly focused one or closely situated assembly) is quite important to estimate the scale and pattern of subseafloor geophysical and geochemical processes of hydrothermal system emerging on the seafloor (e.g., the subseafloor fluid flow structures and fluid physical-chemical properties, and the formation of subseafloor mineral deposits). The scrutiny based on the much easier and faster method than the conventional surveys reveals a typical structural and distributional pattern of seafloor hydrothermal vents, that is the existence of relatively large (more than several km lateral extension) hydrothermal systems (fields) comprising a few discrete but closely-situated sister vent sites, in the mid Okinawa Trough. The fact shows effectiveness of new exploration method by onboard MBES systems.
Moreover, our results can also provide important insights into conservation and resilience of hydrothermal vent-endemic communities and the constituent species for future exploitation of seafloor hydrothermal metal deposits, which are becoming more and more important issue in recent years (Van Dover, 2011) . If the potentially exploitable seafloor hydrothermal fields or sites share the common vent-endemic communities and species with other unexploitable fields and sites, the expected anthoropogenic damage on the indigenous vent-endemic communities during the exploitation will be rescued by the imigration from the conserved closely situated hydrothermal fields and sites. In this respect, high-resolution mapping of seafloor hydrothermal vent sites in broad areas or in certain biogeographic regions, based on the onboard MBES survey, is quite important to provide the most reliable list of fields or sites for future exploitation plan.
CAUSE OF THE ACOUSTIC ANOMALIES IN THE WATER COLUMN
The results of the present study show that almost all previously known hydrothermal vent sites exhibit acoustic water column anomalies. This discovery strongly suggests that the anomalies result from the physical and chemical components of hydrothermal fluid derived from hydrothermal vents. Indeed, it is known that hydrothermal vent fluids discharging from the seafloor rise vigorously in a narrow column (vertical plume). However, through mixing with the surrounding seawater, the column of hydrothermal vent fluids expands considerably. Furthermore, the upwelling hydrothermal plumes cease after the densities are equivalent to that of the ambient seawater, typically 100-300 m above the seafloor. The resulting non-buoyant plumes then spread horizontally over an area of many kilometers across with a thickness on the order of 100 m (German and Von Damm, 2004) . In striking contrast, as mentioned above, the acoustic water column anomalies rise vertically up to ~1000 m from the seafloor without any significant change in their width (Fig.  3) . This difference strongly suggests that the acoustic water column anomalies do not directly reflect the hydrothermal plumes.
Another possible cause of the acoustic anomalies is gas bubbles emerging from the seafloor. Weber et al. (2012) have reported that MBES systems can be used to image bubbles discharging from gas seeps. In general, gas bubbles in water act as strong acoustic scatterers because of the very large differences in density, and in the speed of sound, between water and gas, and because of resonance effects controlled by bubble size, frequency, and water depth (Medwin and Clay, 1998) . Recently, Tanahashi et al. (2014) have reported the detection of acoustic water column anomalies at the Izena Hole by using a surface ship and AUV equipped with 11-15 kHz and 200 kHz MBES systems, respectively. Both MBES systems detected acoustic water column anomalies at the Jade and Hakurei sites. However, they pointed out that the exact positions, size, and structure of the acoustic water column anomalies detected with the 11-15 and 200 kHz MBES systems were very different from each other. Taking into consideration the operating frequencies of the MBES systems together with the behavior of the hydrothermal vent plumes and presence of CO 2 droplets in the Okinawa Trough, Tanahashi et al. (2014) inferred that the low-frequency MBES system detected liquid CO 2 droplets emanating from hydrothermal vent sites, whereas the high-frequency MBES system detected hydrothermal vent fluids.
The liquid CO 2 droplet dischage has long been known in the hydrothermal vent activities in the Okinawa Trough, including at the Izena hydrothermal vent field (Sakai et al., 1990; Konno et al., 2006; Shitashima et al., 2008) . In addition, there is a relatively large difference in density and in the speed of sound between seawater and liquid CO 2 droplets. Thus, it seems likely that upwelling assemblages of liquid CO 2 droplets from hydrothermal vents generate the acoustic water column anomaly detected by the low-frequency MBES system. Figure 11 shows the pressure-temperature (P-T) profiles of seawater in the study area, obtained with our eXpendable BathyThermograph (XBT) probes, plotted on the phase diagram for CO 2 in the ocean (Bigalke et al., 2008) . Below a depth of ~500 m the P-T characteristics of seawater in this area are within the stability field of liquid CO 2 or CO 2 clathrate-hydrates, but above a depth of ~500 m, the P-T characteristics of seawater are within the stability field of CO 2 vapor. Moreover, the depth of the CO 2 phase transition from liquid/clathrate-hydrate to vapor corresponds rather well to the top of the acoustic water column anomalies.
The hydrothermal fluids venting from the hydrothermal vent sites at the mid-Okinawa Trough are characterized by high concentrations of CO 2 (Kawagucci, 2015) , and the liquid and hydrate CO 2 that emerges from the seafloor, observed at some hydrothermal vent sites, have been interpreted to be segregated from the CO 2 -rich hydrothermal fluids (Sakai et al., 1990) . The upwelling liquid CO 2 droplets are then chilled by the cold ambient seawater, leading to formation of hydrate crust around the droplets (Sakai et al., 1990; Fujioka et al., 1994) . Dissolution rate of CO 2 into seawater is much slower for the liquid CO 2 droplets with hydrate crust than for the CO 2 gas bubbles (Fujioka et al., 1994) . The relative physico-chemical stability of liquid CO 2 droplets may explain the formation of ~1000 m height plume of liquid CO 2 droplets in the water column. When the plume reaches at a water depth of ~500 m, the liquid CO 2 droplets with hydrate crust are thermodynamically unstable and promptly become CO 2 gas bubbles. Once the CO 2 gas bubbles are immediately dissolved into seawater, acoustic water column anomalies immediately disappeared at the depth.
At the Jade hydrothermal vent site at the Izena Hole in the mid-Okinawa Trough, liquid CO 2 droplets did not emerge directly from high-temperature hydrothermal vents but from the proximal areas near (several tens of meters from) active hydrothermal vent chimneys and flanges (Sakai et al., 1990) . Similar liquid CO 2 droplet discharges have been also observed in many other sites of the Okinawa Trough hydrothermal systems (Inagaki et al., 2006; Konno et al., 2006) . Thus, the acoustic water column anomaly does not pinpoint the high-temperature hydrothermal vents (chimneys) but can mark the active hydrothermal fluid discharging areas. This implies that the MBES water column survey detecting upwelling assemblages of liquid CO 2 droplets is quite applicable to exploration of seafloor hydrothermal vent sites with areas on the order of 10 2 m ¥ 10 2 m. To justify our hypothesis that the acoustic water column anomaly is attributed to liquid CO 2 droplet plume, the hydrothermal vent sites lacking liquid CO 2 droplet discharges such as mid-ocean ridge hydrothermal systems should be investigated by the MBES survey from the surface ship. In the mid-Okinawa Trough, however, all of the known hydrothermal vent sites (The Original, Aki, and Natsu sites in the Iheya North field, the Jade and Hakurei sites in the Izena Hole field, and the Noho (?), Hitoshi, and CLAM sites in the Sakai field) have been detected by the MBES water column survey. It is, therefore, very likely that significant part of hydrothermal vent sites not only in the mid-Okinawa Trough but also in the southern part of the Okinawa Trough (Ishibashi et al., 2015; Kawagucci, 2015) can be detectable by the shipboard MBES survey.
CONCLUSIONS
A wide-area acoustic water column survey in the midOkinawa Trough using MBES systems produced the following results:
(1) At known hydrothermal vent sites, we detected acoustic water column anomalies in the form of one to several streams of acoustic scatterers. The water column anomalies rose vertically approximately 500 to 1000 m from the seafloor and wisped in the water column.
(2) The acoustic water column anomalies could be detected by both 50 kHz and 12 kHz MBES systems. Between the two MBES systems, there were essentially no differences in the images of acoustic water column anomalies and in the positions where the acoustic water column anomalies were detected.
(3) The acoustic water column anomalies could be detected at ship speeds of 3, 5, and 7 knots. At a ship speed of 10 knots, however, weak acoustic water column anomalies could not be identified in some cases. A ship speed lower than 10 knots is therefore recommended for investigation of acoustic water column anomalies, although strong anomalies can be detected at higher speeds.
(4) Owing to the presence of sidelobes, only targets within a hemisphere with a radius less than the minimum slant range to the seabed can be unambiguously detected. It is therefore better for the range of the MBES water column observation to be less than the minimum water depth of the research area.
(5) On the basis of MBES water column surveys, we identified 10 hydrothermal vent sites belonging to four hydrothermal vent fields throughout the mid-Okinawa Trough. Our results show that all of the hydrothermal vent sites are in groups of 2-3 vent sites belonging to a hydrothermal field. During future development of hydrothermal deposits, in such cases it should be possible to develop some vent sites for human use and to set aside other vent sites for conservation of the indigenous ecosystems. This strategy could limit the damage inflicted on the natural environment by development of these deposits.
(6) The acoustic water column anomalies rose vertically up to ~1000 m from the seafloor without a significant change of width, the implication being that the source of the acoustic water column anomalies was not the hydrothermal vent fluid itself. The depth of the top of the acoustic water column anomalies (~500 m), however, corresponded rather well to the depth of the CO 2 phase transition from liquid/clathrate-hydrate to vapor. This fact leads us to conclude that the acoustic water column anomalies are attributable to the emergence from hydrothermal vents of liquid CO 2 droplets with clathrate-hydrate crusts.
